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Summary
Objective: To investigate the correlation between scalp-recorded electroencephalo-
graphic (EEG) and electrocorticographic (ECoG) activities during ictal periods.
Methods: Simultaneous EEG and ECoG recordings with chronic subdural electrodes
were performed in eight patients with partial epilepsy.
Results: In two cases where the ictal ECoG discharges originated in deep brain
structures such as the hippocampus and interhemispheric surface of the frontal lobe,
ictal discharges could not be detected on EEG until they expanded to the cortex of
convexity. In four cases, the ictal onset zones were located in the lateral convexity.
When synchronous or near synchronous ictal ECoG discharges with amplitudes of 200—
2000 mV were recorded on more than 8—15 cm2 of cortex, corresponding discharges
were recorded on EEG in these four cases. However, in a case of frontal lobe epilepsy,
asynchronous ictal ECoG discharges were recorded on 10 electrodes of convexity but
no ictal EEG activity was recorded. Furthermore, in two frontal lobe epilepsy cases,
ictal EEG discharges did not always reflect the ictal ECoG spike, but occasionally
reflected slow background ECoG activity around the ictal discharges.
Conclusions: Multiple factors such as the width of the cortical area involved,
amplitude of ictal discharges and degree of synchronization of electrical potentials
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play important roles in the appearance of ictal EEG recordings, and the relationship
between ictal EEG and ECoG is not straightforward.
# 2007 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.Introduction
Electrocorticographic activities (ECoG) are com-
posed of synchronization of the postsynaptic poten-
tials (PSPs), which mainly occur in cortical
pyramidal cells.1 To record ECoG activities on the
scalp as electroencephalographic activities (EEG),
ECoG activities must be conducted through CSF,
arachnoid, dura matter, skull bone and subcuta-
neous tissue; these potentials form the EEG. Elec-
trical potentials generally decrease in inverse
proportion to the square of the distance from their
origin and depend on the conduction rate (Gauss’
law). The conduction rate of CSF is quite high, and
potentials arising from the cortex spread widely into
the CSF. On the other hand, the conduction rate of
skull bone is much lower, and electrical potentials
attenuate quite rapidly in bone. As a result of the
varied conduction potentials, the EEG is recorded
over wide areas of scalp which results in reduced
amplitude; this effect is called the ‘‘smearing
effect’’.2 Therefore, the EEG recording does not
express all the ECoG potentials and the spatial
resolution of the EEG is relatively low. Although
many previous authors3—5 have described the rela-
tionship between EEG and ECoG activity during the
interictal period, there are few studies describing
the correlation between EEG and EcoG during the
ictal period,6—9 and all studies were focused on
temporal lobe epilepsy (TLE). In this study, we
analyzed the correlation between ictal EEG and
ECoG findings in patients with intractable partial
epilepsy.Materials and methods
Patients
Between August 2003 and February 2005, eight
consecutive patients with intractable partial epi-
lepsy who underwent long-term video—ECoG mon-
itorings in our university hospital were included in
this study. They included 6males and 2 females who
were aged between 18 and 49 years at the time of
surgery. These eight patients included one case
with medial TLE associated with hippocampal
sclerosis, one case with lateral TLE, two cases with
occipital lobe epilepsy due to cortical gliosis and
four cases with frontal lobe epilepsy. Two of the
frontal lobe patients had focal cortical dysplasias,one had microdysgenesis and one had an unknown
etiology. Clinical profiles of the cases are shown in
Table 1.
Presurgical evaluation and methods
In all cases, long-term video—EEG monitoring, MRI,
positron emission tomography with 18Fluorodeoxy
glucose (FDG-PET), single photon emission com-
puted tomography with technetium-99m-ethyl-
cysteinate dimer (ECD-SPECT), Wada test and
neuropsychological evaluations were performed.
Chronic subdural electrodes were placed over the
cortex according to the results of these non-invasive
presurgical examinations. Strip and grid electrodes
were used over the lateral and interhemispheric
surfaces of the patient’s cerebral cortex. The elec-
trodes were 5 mm in diameter and the center-to-
center between neighboring electrodes was 10 mm.
In addition, in patients with TLE, a trapezoid strip
electrode with eight electrodes was placed adjoin-
ing the medial and basal aspects of the temporal
lobe so that four electrodes were at the medial
aspect of the parahippocampal gyrus in an antero-
posterior orientation, and another four were at the
basal surface with a mediolateral orientation.10 For
simultaneous EEG monitoring, disc electrodes were
placed over the scalp according to the international
10—20 system. Where electrodes were required to
be placed near the operative site, they were placed
as closely as possible without interfering with the
wound.
Simultaneous EEG and ECoG recordings were col-
lected using a digital EEG recorder (Neurofax: Nihon
Kohden, Tokyo, Japan).
Evaluation
The relationship between ictal EEG and ECoG activ-
ities was analyzed retrospectively. The differences
in ictal onset time, frequency and amplitudes of
ictal EEG and ECoG activities, and the relationship
between the area (number of electrodes) of syn-
chronization of ictal ECoG discharges and appear-
ance of the ictal EEG activities were all evaluated. A
midline reference (Fpz) was employed for ECoG
recordings, and for sufficient analysis of EEG record-
ings, multiple leads including averaged, A1A2, Cz
and Pz references were employed. Amplification
sensitivity and filter settings were changed when
necessary.
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Table 1 Clinical presentation, and EEG and ECoG findings of study patients
Case no. Age Gender Diagnosis Pathology Ictal onset zone EEG ictal onset ECoG findings when ictal EEG onset is
recorded (amplitude, extension)
1 30 m MTLE Medial temporal
sclerosis
Lt medial T After ECoG discharge
spread to lateral T
Ictal activities on lateral T
(200 mV, 4 cm2)
2 24 m FLE FCD Lt interhemispheric
aspect of F
After ECoG discharges
spread to lateral F-T
Ictal activities on lateral F
(500 mV, 3 cm2)
Lt medial T Simultaneously with ictal
discharge of slow waves
in lateral F
Slow wave on lateral F
(200—300 mV, 15 cm2)
3 47 f LTLE Micro-dysgenesis Lt lateral T Simultaneously with
ECoG onset
Ictal activities on lateral T
(120 mV, 15 cm2)
4 26 m FLE Micro-dysgenesis Lt lateral F Simultaneously with
ECoG onset
Ictal activities on lateral F
(400 mV, 14 cm2)
5 49 m OLE Contusion Lt lateral P-O Simultaneously with
ECoG onset
Ictal activities on lateral P-O
(400—500 mV, 8 cm2)
6 25 m OLE Subcortical gliosis Lt lateral P-O Simultaneously with
ECoG onset
Ictal activities on lateral P-O
(300—400 mV, 15—20 cm2)
7 24 m FLE Micro-dysgenesis Lt lateral F 160 s later Ictal activities on lateral F
(2000 mV, 15 cm2)
8 18 f FLE FCD Rt lateral F No ictal EEG No ictal EEG onset
ECoG: electrocorticography, MTLE:medial temporal lobe epilepsy, FLE: frontal lobe epilepsy, LTLE: lateral temporal lobe epilepsy, OLE: occipital lobe epilepsy, FCD: focal cortical dysplasia, T:
temporal lobe, F: frontal lobe, P: parietal lobe, O: occipital lobe.
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In Cases 1 and 2, the ictal onset areas revealed by
ECoG recordings were found to be located in the
deep brain structures, such as the medial temporalFigure 1 (Case 1) (A) Simultaneous recordings of electrocor
traces) and scalp-recorded electroencephalography (EEG) (l
plotted on the schematic drawing of the temporal lobe. (B
amplitude of 1000 mVare observed on the left hippocampal g
seconds after onset, the epileptic ECoG dischargewith amplit
lateral temporal lobe; the epileptic waves are then recor
Propagated ictal ECoG discharges recorded on 2—4 ECoG elec
phasewith EEG.When the epileptic ECoG discharges spread to
phase of ECoG discharges become synchronous with that o
prominent.lobe and interhemispheric surface of the frontal
lobe, respectively. While ictal ECoG activities were
localized in these deep brain structures, they
remained undetected on EEG. Once the ictal ECoG
discharges propagated to the lateral cortex ofticography (ECoG) with subdural grid electrodes (upper 23
ower 3 traces). A number of the subdural electrodes are
) Although the ictal ECoG discharges with the maximum
yrus, no epileptic activities are recorded on the EEG. Five
udes of 200 mV spread tomore than four electrodes on the
ded on the EEG in the left frontotemporal region. (C)
trodes of the lateral temporal lobe do not synchronize in
more than 10 electrodes of the lateral temporal lobe, the
f EEG discharges and ictal EEG activities become more
242 K. Hashiguchi et al.convexity, rhythmic slow waves were recorded on
EEG.
In Case 1, ictal ECoG discharges with the max-
imum amplitude of 1000 mV were observed on the
left hippocampal gyrus, however, no epileptic activ-
ity was observed on EEG (Fig. 1A). At this moment,
these ictal activities were not recorded on the ECoGFigure 2 (Case 2) Simultaneous recordings of ECoG (uppe
discharges originated from the left medial temporal lobe are n
of ictal ECoG discharge is as high as 800—900 mV. (B) At the sam
slow waves with amplitudes of 200—300 mV appear on more t
similar slow waves are recorded on the EEG. Slow waves f
synchronization. Although the phases of the EEG slowwaves do
and the location of the onset are similar to the frontal slowof the lateral temporal lobe. Five seconds after the
onset of epileptic ECoG discharges, activity of
200 mV (amp) was observed in four electrodes on
the lateral temporal lobe, and low amplitude ECoG
was observed in all the electrodes over the lateral
temporal lobe. At the same time, epileptic waves
were observed on EEG in the left frontotemporalr 19 traces) and EEG (lower 10 traces). (A) Ictal ECoG
ot recorded on the EEG, although the maximum amplitude
e time of ictal onset in themedial temporal lobe, rhythmic
han 15 electrodes of the lateral frontal lobe on ECoG and
rom different ECoG electrodes do not show any phase
not coincide with those of ECoG slowwaves (B), the timing
waves on ECoG (A).
Ictal EEG and ECoG 243
Figure 3 (Case 5) Simultaneous recordings of ECoG
(upper 10 traces) and EEG (lower 4 traces). When the
ECoG activites over the left parieto-occipital region
become synchronous on more than 10 electrodes, the
EEG discharges become synchronous with ECoG activities.
However, there are a difference in peak latency between
the two activities and the peak latency of EEG activities is
20—30 ms longer than that of ECoG. The maximum ampli-
tude of EEG activities is 50 mV compared with the 1500 mV
amplitude of ictal activities. The shape of ECoG activites
was spiky, while the peak of the EEG activities is dull.region (Fig. 1B). However, the propagated ictal
ECoG discharges recorded on a few ECoG electrodes
of the lateral temporal lobe did not synchronize in
phase with EEG recordings (Fig. 1B). When the
synchronous epileptic ECoG discharges spread to
more than 10 electrodes of the lateral temporal
lobe, the phase of ECoG discharges became synchro-
nous with that of EEG discharges and ictal EEG
activities became more prominent (Fig. 1C). At that
time, the frequency of the ictal discharges was 5—
6 Hz.
In Case 2, two types of habitual seizures were
captured. Most of them generated from the inter-
hemispheric surface of the left frontal lobe, and a
few from the left medial temporal lobe. The ictal
ECoG activities that originated from the interhemi-
spheric surface of the frontal lobe could not be
recorded on EEG. Four seconds after the onset,
the ictal ECoG discharges with amplitudes of
500 mV extended to more than three electrodes of
the lateral frontal lobe, and the rhythmic epileptic
pattern could be detected on EEG. The other type of
seizure activities originated from the left medial
temporal lobe and could not be recorded on the EEG
(Fig. 2 upper traces), even though the maximum
amplitude of ictal ECoG discharge was as high as
800—900 mV. At the same time of the ictal onset in
the medial temporal lobe, rhythmic slow waves with
amplitudes of 200—300 mV appeared on more than
15 ECoG electrodes of the lateral frontal lobe and
similar slow waves were recorded on the EEG over
the frontal lobe (Fig. 2A). The slow waves recorded
by different ECoG electrodes did not synchronize in
phase (Fig. 2B). Although the phases of the EEG slow
waves did not synchronize with those of ECoG slow
waves (Fig. 2B), the timing and the location of the
onset were similar to the frontal slow waves seen on
ECoG (Fig. 2A). The shape of this EEG slow wave was
quite different from the ECoG spike localized in the
medial temporal lobe.
In Cases 3—5, in which the ictal onset areas on
ECoG were located in the lateral convexity of the
temporal, frontal and parieto-occipital lobes,
respectively, epileptic discharges occurred at the
same time on both ECoG and EEG. The ECoG of Case
3 revealed rhythmic sharp waves with an amplitude
of 120 mV that occurred in the left lateral temporal
cortex. On EEG, the rhythmic slow waves appeared
on the fronto-temporal region simultaneously with
the ictal ECoG onset on the temporal lobe. As the
discharge spread and reached the hippocampus, the
epileptic EEG discharges becamemore rhythmic and
synchronized in phase with ECoG activities. At that
time, the frequency of those discharges was 3—4 Hz
and the amplitude of the ECoG discharges was less
than 400 mV.In Case 4, the ictal ECoG activities originated
from the antero-lateral part of the left frontal lobe
and propagated to the left lateral and medial tem-
poral lobe. The epileptic EEG discharges started in
the left frontal region at the same time as the onset
of ictal ECoG activity of 400 mV over 14 electrodes.
The frequency of the EEG and ECoG discharges was
3—5 Hz and there was phase synchronization
between EEG and ECoG discharges on the lateral
temporal lobe, however, a small difference in the
latency was observed. The small spike component,
which sometimes accompanies ECoG activities, was
not reflected on the EEG.
In Case 5, the ictal ECoG discharge of 400—
500 mV started on eight electrodes over the par-
ieto-occipital lobes near the old contusional
lesion. Rhythmic waves over the left parieto-occi-
pital region on the EEG started simultaneously with
the onset of ictal ECoG discharges. The frequency
of ECoG activities was as fast as 15 Hz. At first, the
ECoG discharges were not always synchronized in
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Figure 4 (Case 8) (A) Simultaneous recordings of ECoG (upper 20 traces) and EEG (lower 6 traces). Although ictal ECoG
activities on the lateral surface of the frontal lobe that have the maximum amplitude of 500—600 mV are recorded on 10
electrodes, no apparent epileptic EEG discharges are recorded. (B) ECoG recording with slower time analysis. The
frequency and shape of the ECoG discharges is not the same among all ECoG electrodes, and there is no clear phase
synchronization between electrodes.
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activites became synchronous on more than 10
electrodes; the EEG discharges became synchro-
nous with ECoG activities (Fig. 3). However, there
was a difference in peak latency between the two
activities and the peak latency of EEG activities
was 20—30 ms longer than that of the ECoG. The
maximum amplitude of EEG activities was 50 mV,
which was very small compared with the 1500 mV
amplitude of ictal ECoG activities. The shape of the
ECoG activites was spiky, while the peak of the EEG
activity was dull.
During a subclinical seizure in Case 6 whose ictal
onset zone was located on the lateral surface of left
parieto-occipital lobe, the rhythmic bursts started
on the EEG almost simultaneously with burst activ-
ities on the ECoG. The number of electrodes that
recorded epileptic discharges was 15—20. The max-
imum amplitude of the ECoG discharges was 400—
500 mV, while the amplitude of EEG burst was as low
as 40—50 mV. When the amplitude of ECoG activities
became more than 800—900 mV, the amplitude of
EEG activities became as high as 90—100 mV. The
frequency of both discharges was 12—13 Hz. How-
ever, there was no clear phase synchronization
between the ECoG and EEG, or among ECoG elec-
trodes.
In Case 7, whose ictal onset zone was located on
the lateral surface of the left frontal lobe, there was
a significant delay in the appearance of ictal EEG
activities compared with ECoG activities. The ictal
ECoG activities started with rhythmic small spikes
on one or two electrodes. The ictal onset activities
were 400—500 mV in amplitude and 2.5—3.0 Hz in
frequency. As the ictal ECoG discharges spread
slowly to the surrounding electrodes, the back-
ground activity on ECoG and EEG became more
active. The focal discharge on EEG was very difficult
to detect in this case: 160 s after the ictal onset,
slight laterality with a higher amplitude wave on the
left frontal aspect was observed on EEG, while the
ictal ECoG discharges of 2000 mV amplitude spread
to more than 15 electrodes. However, there was no
clear synchronization in phase between ECoG and
EEG activities.
We recorded 12 consistent habitual seizures in
Case 8, whose ictal onset zone was located on the
lateral surface of the frontal lobe. Although ictal
ECoG activities with the maximum amplitude of
500—600 mV were recorded on 10 electrodes, no
apparent epileptic EEG discharges could be
recorded (Fig. 4A). The frequency and phase of
the ictal ECoG discharges were not the same
among each ECoG electrode, and there were no
phase synchronization between electrodes
(Fig. 4B).Discussion
In the present study, ictal ECoG activities that ori-
ginated from the medial temporal lobe could not be
detected on EEG, even if the amplitude of the
discharge was as high as 1000 mV. However, rhythmic
slow waves were recorded on EEG after relatively
low amplitude ictal ECoG discharges reached the
lateral cortex of convexity, these findings are in
agreement with previous reports of ours9 and other
authors.7 The difficulty of detecting ictal discharges
originating from the medial temporal lobe in
patients is due to multiple factors. Firstly, since
an electrical field decreases in intensity rapidly as
it travels through the brain, medial temporal lobe
activities may be too far from the scalp to be
detected. Secondly, the spiral geometry of the hip-
pocampus might result in mutual cancellation of
potentials, resulting in a closed field.8,11 In Case
2, where the ictal ECoG discharges originated from
the interhemispheric cortex of the frontal lobe and
medial temporal lobe, the activity could not be
recorded on the scalp. The major reason for the
limited sensitivity of the EEG to ictal discharges
from the medial temporal lobe is likely to be the
rapid decay of the electrical field.
On the contrary, the EEG was relatively sensitive
to ECoG activities that originated from the lateral
convexity, although detection of ECoG activities still
seems to be limited. When considering the conduc-
tion of interictal ECoG activities to the scalp, pre-
vious authors3,4 have pointed out that multiple
factors such as the size of the cortical area involved
in the epileptiform discharge, amplitude of the
discharge, and degree of synchronization of the
electrical potentials over this cortical area play
important roles. Cooper et al.4 reported that scalp
EEG recordings would be obtained provided the sum
of the cortical areas involved is about 6 cm2, and
that the coherent regions are close together. Their
study employed an experimental model in vitro
design using fresh cadavers. On the other hand, a
recent study of epileptic patients by Tao et al.,5
using scalp and subdural glide electrodes, reported
that at least 10 cm2 of synchronous cortical activity
is necessary to record scalp EEG. These reports
compared interictal EEG and ECoG spikes, however,
it is more difficult to compare ictal activity, because
in many cases we have to consider not only changes
in activity of the seizure itself, but also changes in
background activity. In Cases 3—7, ictal ECoG dis-
charges that were recorded at least on 8—15 ECoG
electrodes, which correspond to 8—15 cm2, were
recorded on EEG. In terms of the amplitude of the
ictal ECoG potentials, ictal ECoG discharges with
amplitudes of 200—2000 mV could be recorded on
246 K. Hashiguchi et al.EEG. However, in Case 8, while ictal ECoG activities
were recorded on 10 electrodes with the maximum
amplitude of 500—600 mV, no corresponding ictal
discharge was recorded on EEG. These findings sug-
gest, that although the extent of the area involved
in ictal activities and the amplitude of the ictal
discharges are obviously important factors in deter-
mining the appearance and amplitude of ictal EEG
activities, these are not the only factors involved.
Cooper et al.4 pointed out that the formation of a
scalp EEG is dependent upon synchronous or near
synchronous activity over a relatively large area of
cortex. If these epileptic ECoG discharges synchro-
nize with each other, there is a greater possibility
that the epileptic rhythm can be recorded on EEG.
Our findings in Case 1 support this theory; we found
that when the ictal ECoG discharge phases became
synchronous between the recording electrodes,
ictal EEG activities became more prominent. This
trend was also noticed in Case 5; when the ECoG
activities became synchronous on more than 10
electrodes, the EEG discharges became synchronous
with ECoG activities. Small time differences
between the occurrences of similar waves in neigh-
boring cortical regions will reduce the amplitude of
the scalp EEG.4 A particular time difference in the
occurrence of waves will have a much greater can-
celing effect on higher frequency activity than on
low frequency activity.4 In Case 8, ictal higher fre-
quency ECoG activities with amplitudes of 500—
600 mV were not synchronous on each of the 10
electrodes, this is possibly a reason why no corre-
sponding ictal discharge was recorded on EEG.
In the present study, the ictal EEG activities did
not always correspond to the ictal ECoG spikes. In
Case 2, high-amplitude rhythmic slow ECoG waves,
which were not directly related to the ictal dis-
charge itself, appeared on a wide area of the frontal
cortex. Although the phases of the EEG slow waves
did not coincide with the ECoG slow waves, the
timing and the location of onset were similar to
the frontal slow waves on ECoG. Also, in Case 7, the
ictal ECoG spike started on an electrode over the
frontal lobe and gradually spread to 15 electrodes in
160 s. In the meantime, the background activity of
the other ECoG electrodes became sharp and the
bilateral EEG electrodes mostly over the ipsilateral
frontal region also became active. These findings
suggest that part of the ictal EEG activities origi-
nated from not only the epileptic spikes themselves
but also from the activated background activity
secondary to the seizure activity. Furthermore,
the ictal EEG is not simply volume conduction of
the ictal ECoG activities, and more complicated
factors may contribute to the appearance of the
ictal EEG.Aside from the factors concerning the ictal dis-
charge itself, skull thickness is possibly an important
factor when considering the correlation between
ictal ECoG and EEG. Furthermore, in cases with
chronic subdural electrode recordings, it is neces-
sary to recognize that the EEG recording conditions
are not the same as physiological conditions. The
subdural electrode itself and postoperative edema
in the scalp further decrease the conduction of
potentials. Cobb et al.12 observed focal amplifica-
tion of the EEG (breach rhythm), which is due to the
change of conduction rate through the craniotomy.
It is possible that burr-holes and craniotomy edges
act as an electrical leak and this influences the
amplitude and synchronization of the potentials
recorded from the overlying scalp electrode. In
addition, intracranial recording has significant sam-
pling limitations. Implanted electrodes necessarily
record from a limited volume of cortex, hence,
where the first electrographic change of a seizure
recorded intracranially is observed, does not always
indicate an epileptogenic zone; it may result from
seizure propagation in the absence of a recording
electrode over the actual seizure-onset zone.13 In
Case 1, ictal EEG activity was recorded when the
ECoG discharges with amplitudes of 200 mV had
spread to only four electrodes on the lateral tem-
poral lobe. This high EEG sensitivity is probably due
to the sampling limitations of ECoG.
At the moment, it is reasonable to conclude that
multiple factors such as thewidth of the cortical area
involved, amplitude of ictal discharges and degree of
synchronization of electrical potentials play impor-
tant roles in the appearance of ictal EEG recordings,
and that the relationshipbetween ictal EEGandECoG
is not straightforward. Amore quantitative approach
by mathematical model conquering the difficulties
discussed above will be needed to clarify the com-
plicated relationship between ictal ECoG and EEG.References
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